The objectives of this study are as follows: to describe practical implementation challenges of multisite, multivendor quantitative studies; to describe the MRI phantom and analysis software used in the Alzheimer's Disease Neuroimaging Initiative ͑ADNI͒ study, illustrate the utility of the system for measuring scanner performance, the ability to assess gradient field nonlinearity corrections: and to recover human brain images without geometric scaling errors in multisite studies. ADNI is a large multicenter study with each center having its own copy of the phantom. The design of the phantom and analysis software are presented as results from predistribution systematics studies and results from field experience with the phantom at 58 enrolling ADNI sites over a 3 year period. The estimated coefficients of variation intrinsic to measurements of geometry in a single phantom are in the range of 3-5 parts in 10 4 . Phantom measurements accurately detect linear and nonlinear scaling in images. Gradient unwarping methods are readily assessed by phantom nonlinearity measurements. Phantom-based scaling correction reduces observed geometric drift in human images by one-third or more. Repair or replacement of phantoms between scans, however, is a confounding factor. The ADNI phantom can be used to assess both scanner performance and the validity of postprocessing image corrections in order to reduce systematic errors in human images. Reduced measurement errors should decrease measurement bias and increase statistical power for measurements of rates of change in the brain structure in AD treatment trials. Perhaps the greatest practical value of incorporating ADNI phantom measurements in a multisite study is to identify scanner errors through central monitoring. This approach has resulted in identification of system errors including sites misidentification of their own gradient hardware and the disabling of autoshim, and a miscalibrated laser alignment light. If undetected, these errors would have contributed to imprecision in quantitative metrics at over 25% of all enrolling ADNI sites.
I. INTRODUCTION
Alzheimer's disease ͑AD͒ is a progressive neurodegenerative disorder affecting millions of people. The pharmaceutical industry is developing disease modifying treatments with the hope of slowing the rate of neurodegeneration. Longitudinal measurements of brain structure change ͑typically shrinkage due to neurodegeneration͒ have been used as a measure of the rate of AD progression. The statistical power to detect brain structure change, including slowing of progression due to effective treatment interventions is limited by measurement errors in addition to biological intrasubject variability. One of the goals of Alzheimer's Disease Neuroimaging Initiative ͑ADNI͒ is to develop improved methods for acquiring and processing MRI and PET data in order to reduce measurement error and thus improve statistical power to detect change in brain structures. A component of that development includes an MRI phantom for tracking and possibly correcting scanner performance.
A natural history study of aging and dementia, ADNI, is jointly funded by the National Institutes of Health and industry via the Foundation for the NIH. The full study will run over five years, following approximately 800 subjects each for 24-36 months. Recruited at 58 clinical enrollment sites, ADNI subjects are scanned on 58 different 1.5 T scanners and 33 3 T scanners. In the ADNI MRI protocol, a phantom is scanned immediately after each subject scan. Each site has an identical copy of the phantom ͑Phantom Laboratory, Salem, New York͒ designed for ADNI to measure linear and nonlinear spatial distortion, signal-to-noise ratio ͑SNR͒, and image contrast. ADNI images ͑including those of the phantom and human subjects͒ are publicly available to researchers via the worldwide web ͑www.loni.ucla.edu/ADNI/͒.
Previous studies of phantom performance have been in limited environments, studying small numbers of phantoms and/or scanners over modest time intervals. The scale of ADNI requires that a fleet of phantoms perform accurately over years. Also, in multicenter trials the selection of enrollment sites is driven by the ability of sites to enroll adequate numbers of subjects that meet clinical inclusion criteria rather than availability of particular MR imaging equipment or access to physics support. Most subjects are scanned on clinical scanners, and locally determined clinical needs drive decisions regarding maintenance and upgrades.
A key assumption when including phantom measurements in this study was that the phantom captures information about the scanner that is applicable to associated human images. Only if that assumption holds can the phantom be used to disentangle instrumental drifts from biological variations and pathological change. Here we assess the utility of phantom-based retrospective data correction for improving intrasubject image consistency.
Designed for scanner calibration, the ADNI phantom can be used both to track scanner changes and to verify that reconstruction operations such as off-line gradient warping corrections are correctly implemented. Phantom-based assessments include ͑1͒ geometrical uniformity, ͑2͒ SNR, and ͑3͒ CNR. This report will focus on the information about scan acquisition geometry obtained through ADNI phantom measurements.
The objectives of this paper are as follows:
͑1͒ to describe the methods used to extract scanner performance data from the phantom scans; ͑2͒ to report the sensitivity of the phantom to changes in scanner performance, calibration, and/or imaging parameters; ͑3͒ to document the variability of the ADNI phantom fleet at baseline; ͑4͒ to demonstrate the efficacy of the phantom for ensuring that scanner-dependent postprocessing reconstruction is correctly implemented; and ͑5͒ to describe longitudinal tracking information on scanners used in ADNI as well as the range of per-scanner summary statistics.
II. MATERIALS AND METHODS

II.A. Description of ADNI MR image data and study design
ADNI subjects are evaluated at 6 -12 month intervals for 2 -3 years depending on the clinical diagnosis at baseline. All subjects are scanned at 1.5 T at each time point, half are scanned with FDG PET. Subjects not assigned to the PET arm of the study are eligible for 3 T MRI scanning. The goal is to acquire both 1.5 T and 3 T MRI studies at multiple time points in 25% of the subjects.
Employing an MP-RAGE ͑Ref. 22͒ sequence, 3 D T 1 -weighted structural images are the focus of the ADNI protocol 23 to measure rates of brain atrophy. Defined across selected systems from GE Healthcare, Philips Medical Systems and Siemens Medical Solutions with an eye toward minimizing cross-platform differences, the nominal TI/ TR/TE at 1.5 T for the ADNI MP-RAGE are 1000/2400/ minimum full ϳ5 ms. On systems with birdcage head coils, TR is increased to 3000 ms to compensate for reduced SNR. Platform-specific protocols were distributed digitally through the MRI vendors to minimize inconsistencies expected to arise from building the protocol manually on individual scanners. Detailed platform-specific lists of parameters are provided at http://www.loni.ucla.edu/ADNI/Research/Cores/.
In the ADNI data flow, each MP-RAGE scan undergoes 3D gradient unwarping correction during image preprocessing if applicable. Unlike these references, 1, 15, [19] [20] [21] the ADNI phantom is not used to correct nonlinearities. Instead, vendor supplied parametrizations of gradient nonlinearity are used to correct image warping off line, and the phantom is used to verify the correction.
II.B. Phantom design and analysis
II.B.1. Phantom design
The ADNI phantom consists of spherical inclusions inside a 20 cm diameter water-filled clear urethane shell. Inclusions are copper sulfate filled polycarbonate spherical shells. Approximately 1.4 mm thick, the shells are injection molded polycarbonate with threaded mounts, which, in turn, screw into polycarbonate plates. The lengths of the mounts are varied to follow the curvature of the outer shell as necessary. Plates are positioned by using nylon tubular spacers. Threaded nylon rods pass through the plates and spacers. The assembly is held together by nylon nuts. The interior assembly is shown in Fig. 1 range from approximately 400 to 1200 ms at 1.5 T to roughly span the range for brain tissue. Solutions were mixed in large quantities to reduce phantomto-phantom variability in copper sulfate concentration.
II.B.2. Analysis software
Fully automatic, the analysis of phantom images uses a hierarchical approach, finding first the large SNR sphere, then the fiducial spheres, and lastly the CNR spheres. Complete containment of all inclusions within the image volume is required. T 1 -weighted images such as spoiled gradient echo, spoiled FLASH, IR-SPGR, or MP-RAGE are assumed. The analysis software was written in MATLAB ͑MathWorks Natick, Massachusetts͒ and executes in 7 -12 min on a 3 GHz Pentium IV processor. The software, including a table of relative sphere locations, is available online through the ADNI web site ͑http://www.loni.ucla.edu/ADNI/Data/͒. Throughout the software sanity checks are implemented with the software aborting execution of major problems are detected. Given ADNI images the analysis aborts on less than 0.1% of scans.
II.B.3. Pattern recognition and sphere finding
Although phantom orientation is specified in ADNI scanning protocol, the analysis is orientation insensitive. The SNR sphere is found first, and then the 1.5 cm spheres at expected distances from the SNR sphere center form a unique coordinate system. After establishing a coordinate system, the 1.0 cm spheres are found by searching in the neighborhoods where they are expected.
II.B.4. SNR sphere location and analysis
The SNR sphere is the largest short-T 1 object in the phantom. Let the number of voxels contained in the SNR sphere be V SNR . Otsu's method 24 defines an initial threshold, which is then adjusted down until at least 0.8ϫ V SNR voxels are suprathreshold. Clusters of suprathreshold voxels are found. If no single cluster of at least 0.5ϫ V SNR is found, the analysis aborts. The threshold is adjusted until between 98% and 102% of the expected number of voxels around the largest region are suprathreshold, aborting if no suitable threshold is found. The SNR sphere center is taken as the intensityweighted average position of suprathreshold voxels. The SNR sphere was not designed for precision spatial measurement and the observed spatial manufacturing variability is of the order of a millimeter. Thus, it is used as a rough anchor in finding other navigator spheres.
SNR measurement in the phantom is carried out in three steps. The cluster is eroded by nine passes with "center plus six nearest neighbors" structuring element. A least-squares fit of a smooth quadratic function in 3D is made to the remaining voxels as a bias correction. The noise level is estimated from the standard deviation of the residual intensities after subtracting the smooth function. The signal level is the average of the cluster of voxels after erosion.
II.B.5. Fiducial sphere finding and analysis
The two 1.5 cm fiducial spheres are located 60 and 90 mm from the center of the phantom, respectively. Normalized 2D cross correlation with a 1.5 cm circular template is calculated slice by slice. Correlation maxima in 2 cm thick shells with radii of 60 and 90 mm centered on the SNR sphere center are found. Subregions centered on the locations of the maxima are selected, segmented by Otsu's method, clusters found, and positions estimated. Given the positions of the 1.5 cm fiducial spheres and the center of the SNR sphere, a provisional linear coordinate transformation with three rotations, translations, and scalings providing nine degrees of freedom ͑9DOF͒ is created. The transformation maps sphere positions in a coordinate system local to the phantom to the image coordinate system. Analysis aborts unless both 1.5 cm spheres are found.
Using the provisional transformation, a list of 1.0 cm fiducial marker locations is transformed into the image coordinate system. Working from the center of the phantom outward, the 1.0 cm spheres are found. After three or more 1.0 cm spheres have been found, the provisional coordinate transformation is updated using the 1.5 cm sphere locations, the observed 1.0 cm sphere locations and excluding the SNR sphere location. The 1.0 cm sphere finding scheme is as follows.
͑1͒ A 3.0ϫ 3.0ϫ 3.0 cm 3 subregion of the image centered on the expected sphere location is extracted. Even in images acquired with most nonlinear gradients for ADNI, this empirically provides a sufficient margin to allow 1.0 cm sphere to be wholly contained in the subregion. ͑2͒ Cross-correlation maps of a 1.0 cm bright sphere on a dark background are calculated over the subregion. ͑3͒ Cross-correlation maps of a 1.0 cm bright sphere surrounded by a 2 voxel thick dark shell on a bright background are calculated over the subregion. ͑4͒ The product of the maps is formed and the location of the maximum is found. If the maximum correlation product occurs because both the individual maps were populated by negative correlations, then the search for this sphere is aborted. ͑5͒ A threshold is estimated which selects voxels occupying 80% of the volume of a 1.0 cm sphere. The subregion is thresholded and clusters of suprathreshold voxels are found. The threshold is lowered by 1% until a cluster is found which overlaps the correlation maximum and contains between 75% and 110% of the expected volume. If the threshold drops below 10% of the maximum intensity in the subimage, the search for this sphere is aborted. The inability to find individual spheres does not stop the search for others. ͑6͒ The final sphere center estimate is found as the intensityweighted average position of voxels in the sphere. ͑7͒ Dilation is performed on the voxel cluster to include the shell. The mean intensity of a two voxel thick band immediately outside the shell is taken as an estimate of local water background. Tracking the ratio of mean intrasphere intensity to background allows dim sphere detection.
Early production phantoms were found to develop leaks in the small inclusion leading to a loss of contrast. The inclusion of cross correlation in step ͑3͒ is to aid in the detection of inclusions which have leaked.
II.B.6. CNR sphere analysis
Given the transformation of fiducial sphere positions, the locations of the CNR spheres are well established. One CNR sphere at time, the 3.8ϫ 3.8ϫ 3.8 cm 3 subregion centered on the expected location is extracted from the image data. Using Otsu's method, an initial threshold is estimated. Cluster finding is applied to suprathreshold voxels, and the single cluster with a volume between 75% and 110% of the expected volume is found. CNR intensity values are taken as the mean intensity of voxels in the clusters. Local water background is estimated in a fashion analogous to the fiducial sphere finding.
II.B.7. Extracting MRI system geometric information
Comparison of the expected ͑i.e., nominal͒ and observed positions of the fiducial spheres provides information on the scanner geometric performance. Two types of geometric information are extracted from the list of observed and nominal positions; a linear component loosely identified with the gradient calibration and an estimate of nonlinearly spatially varying displacements attributed to field nonlinearities.
A simple set of plots permits qualitative evaluation of the scanner performance. Viewing of the plots is included in the ADNI data quality control workflow and allows a rapid ͑Ͻ10 s͒ evaluation by inspection. The expected and observed positions are temporarily registered using only translations and rotations. Define ⌬ ␣i as the difference between the sphere positions as observed and as designed in the ␣ direction for the ith sphere. Working in the coordinate system of the acquired images ͑e.g., X, Y, and Z being equivalent to R / L, A / P, and S / I for a human laying head-first-supine in the magnet͒ plots are made of the locations in each direction versus residuals ⌬X, ⌬Y, and ⌬Z. Ideally, the distribution of residuals would be independent of position, centered on zero and narrow. Registration forces the mean residual to be zero. Linear dependence of ⌬␣ on coordinate ␣ may be attributed to gradient miscalibration. Non-linear dependence is associated with magnetic field nonideality. Figures 2 and 3 present such plots and will be discussed in the Results section.
II.B.8. Linear "scaling… and nonlinearity measures
After a registration between expected and observed positions with 9DOF, the transformation is decomposed to extract the linear scale factors which would be applied along the axes of the MRI scanner to bring the image into agreement with theory.
To determine nonlinear measures, a vector displacement field parametrized by low-order polynomial functions is fitted that minimizes the distances between observed and nominal positions. For each fiducial marker the residual distance calculated. Summary statistics on the distribution of residual distances are calculated. To assess nonlinearity, the summary statistics after fitting with first-order polynomial function are found. 
II.C. Studies prior to phantom distribution
"systematics…
Prior to distributing phantoms to ADNI scanning sites in the field, we performed several studies to determine the extent to which the phantom can provide meaningful measurements of scanner performance including the following; verify the ability of the system to detect deliberately introduced gradient amplitude scaling, measure stability of serial measurements with a single phantom, measure variability across the fleet of ADNI phantoms ascribed to manufacturing variability, and investigate gradient unwarping by polynomial geometry measures with the phantom.
II.D. Longitudinal measures of scaling in ADNI scanners
Variability in linear geometry ͑i.e., scaling͒ of the scanners in ADNI was measured over time with serial phantom images. In Sec. III, we show that measurements of scan scaling change discretely over time with system recalibration. Thus, to estimate the underlying stability of scanners, a pooled variance approach is used. Each axis ͑R / L, A / P, and S / I͒ is considered separately. Phantom measures of image scaling are ordered by time and clusters are found as follows: ͑1͒ The standard deviations of measurements in a four measurement-wide sliding window are found. ͑2͒ The window of data with minimum standard deviation is taken as a cluster seed. ͑3͒ A cluster width is defined as the maximum of the cluster standard deviation and 3.5ϫ 10 −4 ͑an estimate of the single phantom measurement variability͒. As the mean scale factors are very close to unity the standard deviation of scale factors, for practical purposes, the same as the coefficient of variation. ͑5͒ Adjacent-in-time points are added to the cluster until a point more than 2.58 cluster widths is encountered. That is, points between the first and 99th percentile are added. ͑6͒ Points assigned to a cluster are marked as "used" and steps ͑2͒-͑5͒ are repeated until there are no unused strings of data four or more points long. The pooled variance over the clusters is then calculated. Cluster delineation is also visually inspected.
II.E. Use of phantom measurements to correct linear scaling changes in human images
In order to assess the efficacy of phantom-based measurements to correct linear scaling changes in human images, we selected image pairs of subjects scanned serially in ADNI. Coregistration was performed using AIR 25 allowing rotation, translation, and scaling ͑9DOF͒ on pairs of images from the same subjects. Masks including the skull and its contents and excluding the neck were created for each case. The registration targets, each subject's skull and contents, were therefore spatially invariant over time. Unlike the brain itself, which does change over time, the skull does not. Thus, the anatomic target used for registration here gives an independent measure of change in the gradient scaling over time. No clinical criteria were used in selecting subjects and images used. Two versions of each image, with and without phantom-based scaling correction, were analyzed. From the uncorrected pairs of images sets of coregistration scalings were found. Independently, the phantom-corrected pairs were also coregistered generating another set of scaling parameters. If the phantom captures gradient calibration information which is also applicable to the companion human images, then the distribution of scaling parameters over many pairs of subject images is expected to be narrower and centered closer to unity for the phantom-corrected image pairs than for uncorrected pairs. Fig. 2 is a typical result for a representative scanner used in ADNI. The image was acquired sagittally and the scanner performs an in-plane gradient warping correction. 3D gradient warping correction was done in postprocessing. Interpretation of the plots is as follows:
III. RESULTS AND DISCUSSIONS
III.A. Qualitative evaluation of geometric performance
Shown in
• The plot in the upper left corner reveals a slight linear dependence of ⌬R / L on R / L position. The slope of the distribution is consistent with the image FOV being stretched by approximately 0.1%. FIG. 3 . Calibration exercise. Sets of plots with data before ͑left͒ and after ͑right͒ an exercise in scanner calibration are shown. After calibration, the dependence of position residuals ͑the horizontal axes in the subplots͒ on position ͑the vertical axes in the subplots͒ was greatly reduced. The two obvious outlier points in the A / P versus ⌬A / P subplots were due to manufacturing defects and subsequently repaired.
• The middle plot in Fig. 2 ͑A / P position versus ⌬A / P͒ reveals a stronger linear dependence. Here the FOV appears to be 0.6% too large. The phantom was placed in the magnet with the plates lying in coronal planes.
Mounted at fixed distances from the plates, the spheres cluster at discrete A / P locations.
• An example of a nonlinear distortion is seen in the lower right panel. The curved distribution of the points in the S / I versus ⌬S / I plot indicates systematically increasing distortion. A linear fit to the data is consistent with the FOV being approximately 0.3% too small. • Off-diagonal plots provide insight into the dependence warping in a given direction on position in another. While the plots on the diagonal can be linked to gradient amplitude, divergences in the off-diagonal plots away from isocenter are indicative of warping which is spatially dependent. Because the fiducial markers are distributed within a sphere, markers at the extreme of any given dimension are closer to the center of the phantom in the other two directions. Hence bulges near the center of a distribution on an off-diagonal plot appear because the sampling is limited. Little off-diagonal structure is typically found for scanners used in ADNI.
The phantom analysis algorithm has proved to be robust, processing thousands of MR volumes and failing only when the images presented contain gross artifacts and errors such as missing slices, incorrectly ordered slices, and incomplete coverage.
III.B. Calibration exercise
A simple exercise was performed in order to verify the ability of the system to detect deliberately introduced gradient amplitude scaling ͑Fig. 3͒. The phantom was scanned, the scale factors derived from that scan were multiplicatively applied to the gradient amplifier settings and the phantom was rescanned. Prior to adjustment, the scale factors were ͑1.0053, 1.0058, and 1.0067͒-approximately 1 mm accumulated stretching of a 200 mm diameter phantom in all dimensions. After adjustment, the scale factors were ͑1.0004, 0.999 98, and 1.0002͒-less than 0.1 mm accumulated stretching over 200 mm.
III.C. Stability of serial measurements with a single "master" phantom
Nine images acquired back to back on a single scanner at Mayo Clinic were used to estimate variation intrinsic to measurements in a single master phantom. The phantom was repositioned between scans and uncertainty is driven largely by phantom positioning within the scanner. The coefficient of variation was 3-5 parts in 10 4 .
III.D. Measurement uncertainty and construction variability across the ADNI phantom fleet
Strict agreement of the phantom construction with design is assumed in the analysis. Acceptance testing was done on all phantoms used in ADNI to evaluate the correctness of assembly and to estimate the variability of construction. Qualitative assessment of analysis output plots to search for manufacturing problems was carried out on all phantoms. Loosely inserted threaded mounts were the most common error in early production units. Phantoms with construction problems were returned to the manufacturer for repair or replacement. Repaired units were reassessed before being accepted for use.
Assessing construction variability over a period of months requires correction for potential drift of the scanner on which acceptance testing was done. A single phantom was selected as a master reference unit. The master phantom was scanned when any other phantom underwent acceptance testing and phantoms under test were normalized to the scanner performance estimated from the master phantom scan. Histograms of the ratios of observed test phantom scaling normalized to master phantom scaling are shown in Fig. 4 for the first 66 ADNI production phantoms. The coefficients of variation in the ratios are 3. consistent with the level of variability introduced by differences in positioning and precise machining. Variability perpendicular to the plates is three to four times larger than within-plate variability and also larger than the estimated measurement variability due to positioning. To maximize longitudinal stability, measurements should ideally be made using only one phantom.
Related to construction variability is the issue of manufacturing defects. Early production phantoms commonly had issues with leaking fiducial makers. Manufacturing and analysis software improvements have reduced both the incidence of leakage and the necessity to replace phantoms in which leaking spheres are found. The next most common occurrence necessitating replacement is when the detachment of the large 6 cm SNR sphere from its mounting post. This has occurred four times in 66 phantoms over 3 years, generally when the unit is dropped or rolls off a table. No other issues requiring phantom replacement have been found.
III.E. Nonlinearity estimates
As discussed previously, the expected and observed positions are used to fit deformation fields parametrized by loworder polynomial functions. Histograms of the residual radii for different polynomial orders are shown for a phantom scan acquired with on-line 2D ͓Fig. 5͑a͔͒ and 3D off-line gradient warping correction ͓Fig. 5͑b͔͒. In each of Figs. 5͑a͒ and 5͑b͒ the distributions are shown for different orders of fitted polynomial ͑vertical axes͒. Although the data ͑radii͒ are clearly not normally distributed, the standard deviation still serves as a useful summary value. In Fig. 5͑c͒ the evolution of the standard deviation with polynomial order shows the difference between 2D and 3D correction. Allowing only first-order correction ͑equivalent to post-hoc adjustment of the image FOV͒, 3D-corrected data ͑solid red circles͒ has a much smaller standard deviation than 2D-corrected data. These data illustrate the value of full 3D correction for gradient nonlinearity. The data also illustrate the fact that the ADNI phantom and analysis method can detect these effects with good sensitivity.
III.F. Longitudinal tracking of individual scanners with phantom measurements
Figures 6 and 7 contain longitudinal tracking information representative of a scanner from two of the MR system vendors used in ADNI. Each figure presents data acquired on a 1.5 T system from a relatively high-enrolling ADNI site. Each site imaged only a single phantom ͑i.e., no replacement necessary͒ in these data. In each figure, the left panel demonstrates scale factors along each cardinal axis. The right panel shows the standard deviation of residual radius ͑non-linearity͒.
The scanner in Fig. 6 shows four clusters of scale factors. The A / P scale factor shows drifting between calibrations in 2006. Discrete steps in 2006 were approximately 1 / 512. The jump in 2007 occurred with a system upgrade in which the RF equipment was upgraded, the main magnetic field reshimmed and the gradient coils replaced ͑though with the same basic model as previously present͒. The nonlinearity measure was reduced by the system upgrade. The reasons for the improvement are not known but could be related to improved production methods for the new gradient coils, reshimming of the main magnetic field as well as other changes in the hardware and software. This highlights one of the challenges of involvement in multicenter studies. It can be difficult to know precisely what has been done to a scanner when changes are observed. Scan timing parameters were unchanged as called for in the ADNI study and accordingly the relative contrast values were unchanged with the upgrade.
In Fig. 7 , the R / L and A / P scale factors show evidence of slow drifting, but no large discrete jumps. The S / I scale factor is erratic. Prior to mid-2007 the protocol distributed to sites with 1.5 T scanners from this vendor errantly had au- FIG. 5 . Nonlinearity estimates. The dependence of the residual radius distribution for different orders of polynomial displacement field is shown for a scan with 2D ͑left͒ and 3D ͑middle͒ gradient warping corrections. In these plots, each horizontal row contains a histogram of 160 residual radii for a deformation field of given polynomial order ͑which is indicated on the vertical axes͒. The sizes of the boxes in the plots are proportional to the density of points. The rightmost plot presents the standard deviation of the distributions for data with 2D warping correction ͑open stars͒ and for 3D warping correction ͑solid red circles͒.
toshimming disabled. The last five points for this scanner were acquired after corrected protocols were distributed.
From Figs. 6 and 7, it is apparent that estimating the best case performance of a scanner requires removing the discrete effects of scanner calibration changes and also changes introduced if multiple phantoms were used ͑e.g., the replacement of a defective phantom͒. To that end, the clustering algorithm previously outlined was employed. Figure 8 represents the summary of scanner performance for more than 2200 phantom scans. Shown in Fig. 8 are plots of system number ͑arbitrarily enumerated͒ versus the mean scale factors with error bars representing the square root of the pooled variance. Scanners perform similarly, with the exception of the S / I direction for 1.5 T scanners from vendor 3. The mean scale factors differ systematically by vendor. Vendor dependence is less evident in measures of nonlinearity, SNR, and contrast parameters ͑Figs. 6 and 7͒.
III.G. Use of phantom measurements to correct within-scanner linear scaling changes in human images
An underlying assumption in the ADNI approach is that phantom measurements accurately capture geometric performance information intrinsic to the scanner and that information can be applied to correct human images acquired in the same scanning session as those of the phantom. In ADNI, data sets are made available with the three Cartesian scale factors that govern displayed voxel size modified based on measurements from paired phantom images. If the phantom captures system geometric performance and that performance applies to the accompanying human images, then pairs of images from the same subject acquired at different times should be more compatible than those without phantom scaling. To test the hypothesis that phantom correction of scaling errors in human images is feasible, coregistration of approximately 800 intrasubject image pairs was carried out.
Histograms of relative scale factors from coregistration of 465 intrasubject image pairs are shown in Fig. 9 . Histograms are shown for data with and without phantom-based correction. These are "best case" data in that scan pairs were selected such that the same phantom was used for each image pair to eliminate phantom construction variability. Also, the scans were acquired on 1.5 T systems from vendors 1 and 2 and each pair of images was collected on the same scanner with no phantom repair or replacement between scans.
The means and standard deviations of the scale factor values with and without phantom-based voxel size adjustment are shown in Table I . The mean values are all quite close to unity, indicating that for this fleet of scanners drift does not appear to be systematic. The standard deviations of the scale factor distributions are reduced with phantom-based voxel size adjustment. Without correction, the frequencyencoded axis has the most variability; with correction, the variabilities are more consistent across all axes.
As previously mentioned, the protocols initially distributed for 1.5 T systems from vendor 3 erroneously had autoshim disabled. Autoshim measurements yield a constant gradient offset in each of the three physical gradient axis directions. These offsets are only expected to affect spatial scaling the frequency-encoded direction for 3D volume scans, because the other two directions are phase encoded. The ADNI MP-RAGE scans are acquired in the sagittal plane, so that the frequency-encoded direction corresponds to the S / I direction. Summary statistics from 62 pairs of scans on 1.5 T systems from vendor 3 in which the phantom was not repaired or replaced between scans are included in FIG. 8 . Summary of scanner performance for more than 2200 phantom scans. A pooled-variance approach is used to estimate the stability of gradient performance factoring out discrete changes generally due to scanner recalibration. Symbols are plotted at the mean scale value over all values, and error bars indicate the square root of the pooled variance. System number is an arbitrary enumeration. R / L calibration appears less consistent across scanners for vendor 1 than for other vendors. The S / I per scanner error bars for vendor 3 are much larger than for other vendors and other directions. Scanners from vendor 2 are from two different models and the data are clustered by model in the S / I mean scale factors. Table I . R / L and A / P coregistration scale factor distributions are narrower than for vendors 1 and 2 ͑the best case data in the previous paragraph͒. As expected the S / I distribution of coregistration scale factors is much broader than for other vendors.
Changing the phantoms within the time series of imaging sessions introduces additional variability. Phantom construction varies most in the A / P direction and this variability appears in the pairwise scaling when different phantoms were used. From a set of 139 image pairs on ten scanners in which the phantom was replaced between scans, the R / L and S / I variability is essentially unchanged; while A / P variability is larger than with no correction. Moreover, the mean A / P scale factor is shifted after phantom replacement. Early production phantoms frequently had one or more leaking fiducial markers and initial analysis software versions failed in the presence of one or more undetected fiducial markers. The phantom vendor improved the fiducial marker manufacturing process, reducing the incidence of leaking markers. Additionally, the analysis was rewritten to better find dim fiducial markers and also to be tolerant absent markers. Currently phantoms are not replaced unless absolutely necessary.
Because roughly 25% of the ADNI subjects are scanned at 3 T ͑in addition to 1.5 T͒, there are fewer pairs of images from 3 T scanners. Summary statistics are included in Table  I . Performance in the A / P and S / I directions are similar to that found for image pairs acquired at 1.5 T. The R / L variability is worse than at 1.5 T. One particular model of scanner is observed to drive the R / L variability ͑SD= 0.0082͒ and when removed from the collection of data the R / L standard deviation for the remaining scanners is reduced to 0.0022, more consistent with 1.5 T data.
III.H. Use of phantom measurements to perform absolute scaling of human images across scanners
Although intrascanner stability is necessary for the success of ADNI, use of the phantom to potentially perform absolute scaling of human images across scanner is of interest too. In the ADNI protocol, each site uses one and only one scanner at each field strength. Thus, the only available cross-system data are also cross field and there is no ready way to disentangle changes related to field strength from changes related to the other system hardware and software. TABLE I. Summary statistics for the scale factors in each of the cardinal directions are shown under various experimental conditions. AS indicates that data were acquired with autoshim enabled; "no AS" indicates data from vendor 3 with autoshim errantly disabled in the distributed protocol. "Matched phantoms" indicates that each image pair contributing to the underlying distribution was corrected against the same phantom. All 3 T data were acquired with autoshim enabled. 
III.I. Verifying the correctness of gradient warping corrections
The necessity and availability of full 3D gradient warping correction varies by scanner vendor and model; required corrections range from none to full 3D correction done in postprocessing. Correction coefficients are gradient hardware model specific, and therefore, unwarping algorithms are independent of the image content. The approach neglects B 0 inhomogeneity effects. All scans in ADNI are corrected to the level equivalent to full 3D gradient warping correction. Representative measures after first-order polynomial correction for a range of scanners with correct and incorrect correction coefficients are shown in Table II . These are representative values and not intended to differentiate the various scanners ͑no vendor-or model-identifying information is presented͒. Here the requirement is the phantom provides validation that corrections are properly applied. These values are two to four times larger than reported [3] [4] [5] [6] [7] after data-driven corrections were made. Detailed information about the gradient hardware may or may not be present ͑and reliable͒ in the DICOM headers and incorrect gradient hardware was reported by five ADNI sites when surveyed at the start of the study. The phantom was essential in determining that the geometric corrections were being made properly. As discussed previously, the standard-deviation-of-residual radii provides a measure of image nonlinearity. Empirically, we found that with the correct gradient unwarping the scanners in ADNI had similar standard deviation of residual radii values. Using correction coefficients for the wrong gradient hardware results in distinctly larger values, which was the only way we were able to identify the five sites that had reported incorrect gradient hardware at the beginning of the study. Without the phantom-based system surveillance, incorrect unwarping would have been applied to all human images throughout the duration of the study at these five sites.
III.J. Detecting system errors with the ADNI phantom
To date, monitoring each MRI system in the ADNI study has resulted in identification of major system errors that can be grouped into three classes. ͑1͒ Five sites misreported their own gradient hardware, leading to incorrect 3D distortion correction. When these errors were detected by analysis of the phantom scan, the correct 3D distortion correction was applied. ͑2͒ One site's laser landmark system was misadjusted during an upgrade, leading to geometrical distortion which was detected in one of the off-diagonal scatter plots. The site was unaware of this problem which was uncovered by the phantom measurements. ͑3͒ An incorrect protocol parameter ͑autoshim disabled͒ was initially distributed to nine sites. Autoshim status is not recorded in the DICOM header in that vendor's images. Thus without the phantom monitoring, this error would have gone undetected for the duration of the ADNI study. Gone undetected ͑and hence uncorrected͒, these problems would have contributed to imprecision in quantitative metrics at over 25% of all enrolling ADNI sites.
IV. CONCLUSION
ADNI is the first large multiyear multicenter MRI trial to employ a phantom scanned with each subject, providing time-locked estimates of scanner performance. The phantom analysis provides precise estimates of linear geometrical scale factors by which the scanner deviates from ideal and which are ascribed to gradient drift and/or miscalibration. The estimated coefficients of variation intrinsic to measurements in a single phantom are in the range of 3-5 parts in 10 4 and are driven largely by phantom positioning within the scanner.
Scanner tracking reveals that gradient stability is in many cases disrupted by recalibration, which is often associated with a system hardware or software upgrade. That is, recalibration induces discrete changes which are often larger than observed system drift over periods of months. On the small subset of systems where autoshimming was errantly disabled on the distributed 1.5 T protocols for one vendor, relatively large instability is observed in the frequency encoded ͑S / I axis͒.
In addition to linear fidelity estimates, the analysis produces a summary statistic that captures the spatial nonlinearity in the images. These values are found to be useful in verifying that gradient unwarping corrections made in postprocessing are correctly implemented. With full 3D unwarping, scanners in ADNI perform similarly in this metric. Es- timates of residual nonlinearity for the "gradwarp" correction method used in ADNI are two to four times larger than datadriven approaches wherein the deformation field is estimated from phantom images. The distributions of linear scaling parameters for intrasubject coregistration were narrower after phantom-based voxel size adjustment. This result supports the underlying assumption in the ADNI approach that phantom measurements can accurately capture information about the scanner, which can be applied to correct human images acquired in the same scanning session. However, in situations where the assumptions underlying phantom-based scaling of human images were violated-systems with autoshim disabled and where the phantom was repaired or replaced within the time series-as might be expected, phantom-based scaling of human images was not effective and could introduce more error than simply not scaling the human images.
Based on field experience to date, the greatest practical value of incorporating ADNI phantom measurements in a multisite study is to identify scanner errors through central monitoring. This approach has resulted in identification of three categories of major system errors. Had these gone undetected ͑and hence uncorrected͒, these problems would have contributed to imprecision in quantitative metrics at over 25% of all enrolling ADNI sites. 
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